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ABSTRACT OF THE THESIS 
 
Electromagnetic Tracking for Medical Imaging 
by 
Jie Wen 
Master of Science in Electrical Engineering 
Washington University in St. Louis, 2010 
Research Advisor:  Professor Parag J. Parikh  
 
This thesis explores the novel use of a wireless electromagnetic (EM) tracking device in a 
Computed Tomography (CT) environment. The sources of electromagnetic interference 
inside a Philips Brilliant Big Bore CT scanner are analyzed. A research version of the 
Calypso wireless tracking system was set up inside the CT suite, and a set of three Beacon 
transponders was bonded to a plastic fixture. The tracking system was tested under different 
working parameters including orientation of tracking beacons, the gain level of the frontend 
amplifier, the distance between the transponders and the sensor array, the rotation speed of 
the CT gantry, and the presence/absence of the CT X-ray source. The performance of the 
tracking system reveals two obvious factors which bring in electromagnetic interference: 1) 
metal like effect brought in by carbon fiber patient couch and 2) electromagnetic disturbance 
due to spinning metal inside the CT gantry. The accuracy requirements for electromagnetic 
tracking in the CT environment are a Root Mean Square (RMS) error of <2 mm in 
stationary position tracking. Within a working volume of 120×120×120 mm3 centered 200 
mm below the sensor array, the tracking system achieves the desired clinical goal. 
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Chapter 1 
 
Introduction 
 
This thesis is focused on evaluating the performance of a wireless electromagnetic tracking 
system for tumor movement monitoring in a CT environment. Different error sources and 
their effects on the process of gathering position data are investigated. This chapter 
introduces the basic clinical expectations for this study and the potential use in Image 
Guided Radiation Therapy (IGRT). 
1.1 Motivation 
 
The goal of radiation therapy is to efficiently deliver the treatment dose to the specified 
cancerous tissues without harming the critical tissues such as the heart and other organs. The 
radiation to the surrounding tissue needs to be minimized in an effort to avoid serious side 
effects.  In order to achieve this goal, sophisticated tumor positioning methods including 
motion tracking and deformation estimation are employed. 
Respiratory motion has significant effects on abdominal and lung tumor position, and the 
uncertainty of the motion increases the treatment volume of the target due to a blurred 
tissue margin [1]. Respiratory correlated CT, which is obtained by oversampling images over 
the breathing cycles based on an external respiratory surrogate is applied widely in radiation 
therapy planning. The application of respiratory correlated CT is based on the assumption 
that the motion of the outside anatomy is reflective of the internal tumor or organ 
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movement. This assumption is not always true in cases like weight loss, breathing pattern 
changes or non-respiratory motion, so, a tracking method that can directly provide the 
tumor position on a real-time basis is beneficial.[2][3]   
Implantable passive transponders (Calypso® Medical Technologies) have been developed 
which can be tracked via an external sensor array in real-time and without ionizing radiation.  
Our goal is to integrate this wireless EM tracking device with a multislice CT scanner and 
provide volumetric datasets that are correlated to the internal tumor movement. The process 
of EM tracking while acquiring CT images is called as ‘tumor correlated CT (TCCT)’, which 
highlights the difference in using the internal tumor as motion as opposed to external 
anatomy as a surrogate for respiratory correlated imaging.  
1.2 Goals for This Study 
 
The fundamental goal for this study is to find out the proper working condition inside the 
CT environment in which electromagnetic tracking can be acquired concurrent with 
traditional CT image acquisition. A clinical goal of a maximum 2 mm error RMS on 
stationary tracking was set up as desired accuracy in tracking applications. The study also 
attempts to characterize the main sources of EM interference inside the CT environment 
and their effects on electromagnetic tracking.  
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1.3 Organization 
 
There are three parts in this thesis. The first part introduces the background of the study and 
existing tracking technologies based on various methods. The clinical goals of this study will 
also be introduced. The second part focuses on introducing the experiment design in 
different research stages from primary tests for empirical data collection to comprehensive 
tests for determining the proper working volume and working conditions of the tracking 
system in a CT environment. The final part includes analysis giving the detailed performance 
evaluation of the tracking system and discussion of the outside factors that affect the 
accuracy and stability of the tracking system. 
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Chapter 2 
  
Background 
 
The first section of this chapter provides a brief introduction of clinical tracking 
technologies. The second section describes the medical environment: Phillips Brilliance Big 
Bore CT suite and sources of electromagnetic interferences present within this environment. 
The chapter concludes with a review of the theoretical framework of electromagnetic field 
theory pertaining to tracking systems and the nature of electromagnetic interference. 
2.1 Overview of Tracking Technologies 
 
In the past 30 years, a variety of tracking technologies, such as optical tracking, and 
electromagnetic tracking have been developed for motion capture/tracking in a wide range 
of fields including entertainment, sports and medical applications [4]. A tracking system is 
generally characterized by sample rates for data acquisition, precision, working range and 
degree-of-freedom (DOF). Each tracking system has its own advantages and disadvantages 
compared to other techniques according to the nature of the system and the applied areas. 
2.1.1 Optical Tracking Systems 
 
Optical tracking systems (OTS) consist of a receiver unit including two or more cameras and 
a set of special markers attached to the object.  The 3D position of the markers can be 
calculated by using geometry and image processing on the images acquired from the 
stereoscopic cameras.  Due to their fast sample rate, high accuracy, relatively isotropic 
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measurement errors, OTS have found applications widely in clinical tracking use.  
There are two types of optical systems based on the nature of the marker: Passive and Active. 
Passive optical systems use markers coated with a reflective material to reflect light back that 
is generated by light source near the cameras’ lens. Rather than reflecting light back, active 
optical systems use powered markers. The markers actively emit light, e.g., illuminating LED. 
Based on the image acquired by each camera module, the position of the markers can be 
determined by data processing.  
Optical trackers have high update rates and short lags. However, they suffer from the line-
of-sight problem, e.g., any obstacle, ambient light or infrared radiation between the sensor 
and source will degrade the performance of the tracker. Therefore, the environment of OTS 
must be carefully designed to eliminate the uncertainty during the measurement. Additionally, 
this ‘line of sight’ requirement prevents optical tracking systems from use inside the human 
body. 
One of the OTS applications in clinical use is called the Varian Real-time Position 
Management (RPM). The system contains an infrared source/camera pair fixed at a static 
position, and a target tracker box with marker dots made of reflective material on its surface 
placed on the patient’s chest or upper belly for capturing the breathing cycle. Widely used in 
radiation therapy, the position information can be used for gating the treatment beam 
(Figure 2.1) [53]. 
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Figure 2.1 RPM Tracking Device and User Interface 
 
2.1.2 Ultrasound 
 
Ultrasound trackers usually use ultrasonic waves with frequencies above the audible range of 
human ear which is approximately 20 kHz. One basic form of ultrasonic tracker is a 
transmitter/receiver pair through which the distance information is obtained from the 
simple beat timing. This form is only for 1D distance checking. In order to realize a 3D 
localizing system, at least one ultrasonic source and three receivers are required as a 
minimum system configuration. For a better temporal resolution, three sets of 
transmitter/receiver pairs tuned at different frequencies need to be employed for 
simultaneous measuring.  
Acoustic trackers utilize one of the following two techniques to determine position and 
orientation information: Time of Flight (TOF) and phase coherence. The TOF method uses 
a process of triangulation based on the known wave speed inside the media, time count on 
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the wave transmission and the spatial distribution of the receivers. Phase coherence senses 
the phase difference between the single sent by the transmitter and that detected by the 
receiver. If the object being tracked moves more than half of the signal wavelength in any 
direction within the period of one update, there will be errors in the position determination. 
Since phase coherent tracking is an incremental form of position determination, small error 
in each update will result in accumulated errors over time. 
For acoustic tracking systems, the limitations include the low speed of sound (340 m/sec in 
air and faster in denser media) which affects the temporal resolution of the tracking result, 
and the unstable speed caused by environmental variables like media density, surrounding 
temperature and air humidity.  The requirement of media consistency and the reflection of 
the signal wave from hard surfaces also make the application of the system limited.  
Given the nature of the limited working volume and accuracy, ultrasound tracking systems 
are commonly found in tracking applications where low precision object localization is 
required [5]. With improvements of the tracking algorithm and within a short tracking range, 
ultrasound devices are used to realize non-electromagnetic tracking achieving sub-millimeter 
accuracy and have been found useful in cardiology studies where minimum electrical signal is 
expected [6]. 
2.1.3 Mechanical Position Pointers 
 
Mechanical digitizers are mostly used for motion capture and Virtual Reality applications. 
Some new 3D positioning pointers can also be used for 3D model building via 3D boundary 
capture. Their use was subsequently ported to medical tracking application before the use of 
optical tracking systems. Most mechanical digitizers used within medical environments 
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consist of a passive arm with encoded joints. 
Rotations and surface distances are measured by mechanical encoding devices like gears, 
potentiometers, optical encoders, etc. Based on a known starting point as the absolute zero 
point in the whole system, all the positions can be derived from relative movements of the 
whole encoded frame. One of the biggest advantages of the system is its real-time feature in 
the tracking process. The characteristic of the mechanical position encoder determines its 
low latency and high resolution which is useful in monitoring motion details. The position of 
the target can be solved by simply calculate over all the encoder values which also benefits 
the tracking speed of such system. Some new image guided surgery systems incorporating 
mechanical digitizers such as MicroScribe (Figure 2.2) [54] also provide haptic feedback 
which is a crucial element in real-time remote control surgery. The main limitation of such 
system is their relatively large size since the system needs to include feedback devices for all 
6-DOF and short tracking range due to the necessity of proximity between the tracked target 
and the tracking device.  
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Figure 2.2 Diagram of MicroScribe Mechanical Tracking Station 
 
2.1.4 Electromagnetic Tracking Systems 
 
Electromagnetic Tracking Systems (EMTS) have found increasing use in medical 
applications during the last few years. Generally, EMTS consists of three components: field 
generator (FG), sensor unit and central control unit. The FG uses several coils to generate a 
position varying magnetic field that is used to establish the coordinate space. The sensor unit 
attached to the object contains small coils in which current is induced via the magnetic field. 
By measuring the behavior of each coil, the position and orientation of the object can be 
determined. Using this method, the positions of sensors are detected when moving within 
the coordinate space. The central control unit serves to control the field generator and 
capture data from the sensor unit. EMTS can provide three positions (X, Y, Z) and two or 
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three orientation angles, and therefore are referred as 5-DOF or 6-DOF.  
One important advantage of EMTS is that electromagnetic fields do not depend on line-of-
sight for operation. Therefore, it has been used extensively in motion capture and virtual 
reality applications where complicated surroundings will limit the use of optical trackers by 
the line-of-sight requirement. Since EMTS depends on the measurement of magnetic fields 
produced by the FG or the transponder itself, the tracking units may be disturbed by the 
presence of any electronic device that produces EM interference. Another limitation of 
EMTS application is the trade off between system accuracy and working volume.  
Different from an ideal point model, the strength of the electromagnetic field drops as a 
cubic function of distance r from a coil transmitter (2.1.a) [7][8]. In order to solve the 
position of a target, the algorithm is based on inverting (2.1.a) into (2.1.b) to find out the 
distance between the transponder and the receiver. 
3r  2.1.a
1
3r   2.1.b) 
When given a distance calculation error r  which is caused by a measuring error  , the 
relationship between r  and   is related to the derivative of (2.1.b):  
drr v
dv
   (2.1.c) 
So, in this case when a interfering electromagnetic filed is constantly affects the volume of 
detection, the calculated position error ( r ) is expected to be proportional to the fourth 
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power of the distance between the transmitter and the receiver ( t rd  ) (2.1.d). 
4
t rr d    (2.1.d) 
This error can be partially compensated by characterizing and estimating the interfering 
fields.  With this said, system accuracy always degrades when the distance between the 
source and detector is increased.   
There are currently several different commercial EM tracking systems for medical 
applications: Ascension microBIRD, NDI Aurora, Polhemus Fastrak and Calypso (Figure 
2.3) [55][56][57][58]. The first three are wired tracking systems while the Calypso tracking 
system is the only tracking device which utilizes wireless tracking.  
a. 
 
b.  
 
c.  
 
d. 
 
 
Figure 2.3 Electromagnetic Tracking Systems for Medical Applications: a. Polhemus Fastrak 
b. Ascension microBIRD c. NDI Aurora d. Calypso 
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In a wired tracking system there are two key components as shown in Figure 2.4: a field 
generator which will create electromagnetic field as the coordinates system; a set of wired 
sensor coils working within the reference field. At each point inside the reference field, the 
sensor coils can transfer back the field strength and orientation information through the 
signal wire.  This information is used to determine the position and posture of the sensor 
coils inside this field (Figure 2.3 a-c). The Polhemus Fastrak and NDI Aurora systems use 
AC fields while the Ascention microBIRD system is based on pulsed DC field. The AC field 
tracking technology is believed to be superior to the DC systems since it is insensitive to the 
earth magnetic field either to the metal near the tracking system. The existence of 
unexpected metal inside the field will only introduce a static disturbance into the tracking 
volume which does not affect the distribution of the AC magnetic field, and therefore can be 
easily distinguished. Given the fact that the medical environment is usually complicated and 
lots of unexpected disturbances exist, this feature is valuable.  
 
Figure 2.4 Schematic of Wired Tracking System 
 
The NDI Aurora system has made the transition from virtual reality to medical applications 
through shrinking down the size of the sensor coils to make them small enough for skin 
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insertion or bronchial therapy thereby achieving in vivo tracking. Furthermore, the Calypso 
tracking system enabled wireless tracking with signal coils small enough to be implanted with 
minimally invasive non-surgical procedures. The wireless feature largely benefits the patients 
and enables them move freely with the transponders implanted, which remain implanted 
indefinitely so no operation is needed to remove the transponders. To reuse the implanted 
wireless beacons, only simple position verification is needed each time before the tracking 
application and this is a huge advantage over wired tracking devices. 
b.
 
a. 
 
 c.  
Calypso 4D Localization System. a. Calypso system console showing: (i) Console (ii) Real-time read out  
(iii) Tracking array/Field Generator.  b. Beacon® transponder contains single coil shown with a ruler for 
scale c. X-ray image of sensor array (tracking antennas)[45] 
 
Figure 2.5 Calypso Electromagnetic Tracking System Components 
For wireless tracking devices, the system architecture is similar to wired products but with a 
different working procedure. In a wireless tracking system like Calypso, the transponder 
cannot directly send out the signal collected from the reference field, and as a result the 
tracking process is divided into two steps. The transponders used in the wireless system are 
tuned at certain resonance frequencies. First the tracking system emits a large power 
ii 
i 
iii
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excitation signal at the resonance frequency and the transponder inside this field with the 
same characteristic frequency starts self oscillation. Then the excitation coils are turned off 
and an array of sensor coils (similar to an antenna array) will listen to the ring back signal 
sent by the working transponder. By evaluating the signal strength on each sensor coil inside 
the array, the position of the transponder can be determined using the tracking algorithm. 
Up to three transponders tuned at different resonance frequencies can be employed (Figure 
2.6). 
 
Figure 2.6 Schematic of Wireless Tracking System 
 
The current Calypso tracking system has been integrated in the LINear ACcelerator (LINAC) 
environment (Figure 2.7, 8) [53][58].  The system includes a tracking console, a sensor array 
marked with infrared reflectors that are registered to the room coordinate system via 
stereoscopic cameras, and tracking beacons, which report position in 3 dimensions.  The 
positions are available in real-time via a screen outside of the treatment area.  
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Figure 2. 7 LINAC System by Varian Figure 2. 8 Calypso Tracking System 
 
Work has been published using the real-time position of electromagnetic transponders to 
modify treatment in the presence of motion [11].  In this system, dose is delivered only when 
the tumor is positioned optimally within the beam. Otherwise, when tumor moves outside 
the optimized margin, the beam will be turned off. This method ensures that the highest 
percentage of treatment radiation is irradiating the cancerous tissue and avoids the damage 
of surrounding normal tissue. 
While there are still a lot of tracking technologies that could be added up to this list, it does 
provide a brief overview of the major tracking technologies used within clinical applications 
and their mode of operation. Other technologies such as inertial trackers and laser digitizers 
are used for tracking, however have found minimal use in medical applications. Fiducial 
tracking is another tracking method that uses fluoroscopy images to track gold seeds, which 
are implanted near tumor tissue and can be easily recognized in images. The Hokkaido 
system is a commonly used marker tracking system [9], but the requirement of constant 
irradiating patients limits its clinical use. Real-time imaging modalities like CT, PET or MRI 
are not mentioned here. Even though they are not strictly tracking technologies, their high 
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spatial resolution enables image based position sensing with a low temporal resolution which 
is limited by the nature of the image acquiring procedure. Additionally, computation time 
associated with image processing limits their widespread clinical use.  
2.2 Clinical Environments 
 
The medical environment of interest in this study is Phillips Brilliant Big Bore CT Suite 
(Figure 2.9)[59]. Computed Tomography is a medical imaging modality whereby a 3D image 
volume is reconstructed from a set of 2D X-ray images through the use of the following 
reconstruction algorithms: Filtered Back-Projection, Integral Equations, Fourier Transforms 
and Series Expansion. The CT system, initially called Computed Axial Tomography (CAT), 
was invented in 1972 by Godfrey N. Hounsfield at EMI Central Research Laboratories. 
Since their inception, CT scanners have undergone four generations, with each subsequent 
refinement providing a reduction in data collection time and an increase in image quality [10]. 
 
Figure 2.9 Philips Brilliance 16 Slice Big Bore CT Scanner 
 
Diagnostic CT imaging is done quickly while a patient holds their breath.  This minimizes 
image artifacts due to respiratory motion.  For radiation therapy, most patients would not be 
able to hold their breath during the whole radiation treatment.  The radiation therapy 
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planning CT (called the ‘simulation CT’) requires the imaging to match the treatment, so 
performing a simulation CT in a breath hold position may induce systematic errors if therapy 
is not being delivered with a breath hold.    If the simulation CT is done during free 
breathing, there are artifacts due to respiratory motion and it is not clear that the respiratory 
artifacts will match all of the positions of the tumor during the breathing cycle.   
In an effort to image tissue as it moves an imaging technology called 4D CT or gated CT has 
been developed to combine the traditional 3D CT with the patient breathing cycle. In this 
technique, conventional 3D CT is combined with an external respiratory surrogate such as a 
bellows affixed to the abdomen or a spirometer to record the breathing respiratory cycle 
throughout imaging. Images are oversampled at different phases and the final image set is 
grouped by different phase stamps as set up by a physician (Figure 2.10) [59]. At completion, 
a series of 3D CT images are generated in which the anatomy of each 3D image set is 
correlated with a specific phase/amplitude of the respiratory cycle, although different slices 
are typically recorded during different breaths.  With this in mind, this imaging technique 
relies on both the reproducibility of breathing motion along with external/internal motion 
correlation. 
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Figure 2.10 Overview of 4D CT System 
 
In a LINAC environment, the main source of electromagnetic tracking noise is from the 
megavoltage ionizing beam. Since the high energy beam is working in a pulse form, the 
tracking system obtains the synchronized beam-on signal and stops tracking during the duty 
cycle.  This method is effective at bypassing most of the noise introduced the LINAC. Also, 
there are moving metal parts in the head of the accelerator that can have some 
electromagnetic noise depending on the manufacturer, but this normally remains quite far 
from the patient. Similarly, the carbon fiber couch on the linear accelerator is replaced with a 
nonconductive material such as Kevlar so that it does not cause electromagnetic noise.  
Comparing with the LINAC environment, the EM field inside the CT bore is more 
complicated since while acquiring images, there are moving metal parts in both the patient 
couch and X-ray tube/sensor. The nature of CT scanning requires a rotating pair of X-ray 
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source and detector to measure the attenuation of X-ray passing through the imaging object. 
Besides the working pulse of X-ray which is crucial in the imaging process, the spinning of 
the large metal part will generate a changing noise field. Electromagnetic noise generated by 
the motor driving the arm also distorts the interaction between the sensor array and tracking 
beacons. Since the emitted X-rays are also a form of high frequency electromagnetic energy, 
this source will generate some baseline level of noise which is unavoidable. Further 
complicating the problem, these parts move in different manners depending on the scan 
type. Additionally the X-ray tube used in the CT scanner does not work in a pulsed mode 
like the LINAC X-ray source. The energy generated by the X-ray tube in CT applications is 
much lower (typically 120 keV) when compared with LINAC applications (6~15 MeV). 
 
2.3 Electromagnetic Field Interference 
 
 
Electromagnetic trackers first entered the market in the mid 1990s. They were used 
predominantly within computer graphics for animation, Virtual Reality (VR), and military 
applications. The advantageous of minimally invasive surgery techniques placed greater 
emphasis on imaging techniques for surgical navigation. This led to growing interest in 
electromagnetic tracking as an imaging modality. Several different approaches have been 
taken in the design of EMTS, however the principle of operation remains the generation of a 
coordinate system relative to the field generator. 
The receiver is usually an array of coils that induces a current by changing the magnetic field 
inside the working volume. The basic theory governing this interaction between transmitter 
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and receiver is Faraday’s Law (2.2), which states that changes in the magnetic field will result 
in a potential difference (EMF, electromotive force) induced within the coil. The EMF then 
drives a current within the coils that can be measured. The magnitude of the voltage from 
the coil is proportional to the area circumscribed by the coil, the number of turns on the coil 
and the slew rate of the magnetic flux. 
Emf N
t
     (2.2) 
N is the number of turns of the coil, / t   denotes the rate of change of magnetic flux. 
The negative sign is an indication of Lenz’s Law which states that the induced force always 
attempts to oppose the rate of change. 
A change in the magnetic field strength can be a result of different events, such as a variation 
of driving signal within the transmitter or a change of position or orientation between FG 
and receiver coils. 
A frequency range was chosen to eliminate any line-of-sight restrictions. However, magnetic 
fields can be distorted by the presence of metal objects, especially when close to the tracking 
coils, which can lead to high errors. The main shortcoming of magnetic tracking systems is 
the limited detecting range. Despite this, electromagnetic tracking systems have seen 
widespread use because of their system topology, low price and most importantly lack of 
line-of-sight restrictions. 
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2.4 Error Compensation 
 
Early work done to characterize EMTS was mostly conducted in the context of Virtual 
Reality (VR) applications. Only in the late 1990s, the studies of EMTS applications in 
medical environments started. The core of any of the EMTS application studies can be seen 
as either an attempt at quantifying the source of error or to set up an error compensation 
algorithm. Error compensation consists of three distinct approaches: 1) Analytical, 2) Local 
Interpolation and 3) Global Interpolation.  
Experiments have been conducted using computerized fitting functions to define distortion 
sources within an electromagnetic measurement volume. These techniques assume that the 
distortion is a function of receiver position. A high-order polynomial can be used as an 
approximation of the error function. One of the earliest works to introduce this approach 
was by F. Raab and E. Blood [14]. The work shows that tracker error is proportional to the 
fourth power of transmitter-receiver separation and this kind of polynomial is proved to be a 
qualitatively sufficient method for defining the distortion. In more recent years, a concise 
and useful framework for calibration of errors in an EMT system is provided with studies 
conducted by three different groups: V. V. Kindratenko, M. A. Livingston and M. Ikits, et al. 
[15][4]. Of this, V.V. Kindratenko provides a comprehensive summary of various calibration 
techniques including tri-linear interpolation, shape functions, and high-order polynomial fits. 
Various ways of error evaluation and compensation are widely applied in the VR 
environment. The application of the EMTS in the clinical environment still needs to be 
explored since even an unexpected working pulse from a DC-DC module inside any device 
can bring in large distortion to the detecting field and affect the tracking result. Therefore, it 
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is believed to be important to evaluate the accuracy when the system is working in the 
clinical CT environment equipped with all devices where various distortions exist. By 
characterizing the effects of the possible noise sources, errors induced via EM field 
fluctuations can be mitigated/minimized. 
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Chapter 3 
 
Experimental Design and Results 
 
In this chapter, a series of experiments for characterizing the performance of the Calypso 
tracking system in a Phillips CT scanner are introduced. Empirically the factors which will 
affect the accuracy of a tracking device will be the environment background noise, working 
distance and outside metal objects. The working parameters of the tracking system such as 
the frontend amplifier gain, sensor array position inside the CT bore and implantable beacon 
orientation can also influence the tracking results. Experiments are designed to characterize 
the different sources of EM interference, as well as determine an optimal system setup to 
maximize tracking accuracy.  
 
 
Table 3.1 Tested Items in Different Studies. 
 
 Preliminary 
Test 
Distance-Accuracy 
Study 
Various 
Conditions Study 
EM Field 
Characterizing
Target Distance √ √   
Couch Metal Like Effect  √ √   
Gantry Spinning  √ √ √ 
X-ray Working Pulse √ √ √ √ 
Array Position   √  
Array Gain   √  
Target Orientation   √  
Target Position   √  
Noise Distribution    √ 
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3.1 Primary Test in CT Environment 
 
3.1.1 Purpose 
 
In order to use the Calypso system as an internal position monitor for TCCT acquisition, we 
must first determine the level of accuracy in the CT environment. The main purpose for this 
initial characterization experiment was to qualitatively evaluate the effects of distance 
between the sensor array and the tracking beacons. We believe the accuracy will go down 
when tracking beacons are moved away from the sensor array. This can be explained as 
follows. With the measuring distance increasing, the signal to noise ratio goes down as a 
result of the strength of the beacon signal decreasing while the background noise remains 
stable. In addition, the multipath effect inside the complicated detection area will cause the 
inaccuracy.  
Another factor which we are interested in is how the existence of a carbon fiber patient 
couch, on which patient can be fixed and moved inside the CT bore during the scanning, 
will affect the tracking system. The carbon fiber is a polymer like component and possesses 
the advantages of light weight and high strength. Although suitable for conventional CT 
scanners, the metal-like behavior of a carbon fiber couch might cause undesirable 
interference for an EM tracking system. 
3.1.2 Methods and Materials 
 
The Calypso EM tracking system (Version 0.9.57) was moved into the Phillips Brilliant Big 
Bore CT suite. The sensor array was set up at the top inside of the CT bore and the beacons 
were positioned inside the CT bore under the center of the sensor array. Position 
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measurements were taken in the absence of motion to determine the level of variation of the 
system.  
The following modifiers were combined to form a total of 8 different runs: Beacons 
close/far from array, CT (X-ray tube) on/off, Couch in/out of the bore. The CT working 
parameters were chosen to simulate clinically relevant scans (Table 3.2): 
Table 3.2 CT Running Parameters for Primary Test 
 
Parameter Item Parameter Value 
X-Ray tube working voltage (kV)  120 kV 
X-Ray tube working current (mA)  250 mA 
Scanning cycle time  2 second 
Gantry rotation speed  0.75 s/rev 
X-ray tube working On/Off 
Gantry rotation Static/Rotating 
 
Array position was fixed at 25 cm above the patient couch. For the scans in which the 
beacons were placed close to the array, the exact position is 11.5 cm under the array (13.5 
cm above the couch). For ‘far’ case, the beacons were positioned 21.6 cm under the array 
and 3.4 cm above the couch. 
In a conventional CT scan there are parameters called the rotation time and the cycle time. 
The scanning (X-ray on) for each slice will last for a whole revolution of the sensor arm. 
This is defined as the rotation time.  If the rotation time is less then the cycle time, the 
sensor arm will spin freely without emitting X-Ray until the scanning cycle time elapses.  The 
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next slice acquisition will begin at the completion of the cycle time, although the initial angle 
of the source/detector will likely be different than the initial slice.  
3.1.3 Results 
 
The standard deviations of position measurements for runs taken close to the array were 
considerably less than those of runs taken far from the array (Table 3.3). In addition, the 
existence of couch had a drastic impact on the position measurements when the beacons 
were sufficiently close to the couch (Figure 3.1). Standard deviations of over 1 cm were 
observed in various cases when beacons were far from the sensor array and couch was inside 
the bore. The observed results indicate that the hypothesized metal-like behavior of carbon 
fiber in the field of detection is a very large source of disturbance. The CT On variable 
provided higher standard deviations than Off in all cases, however if the beacons are 
sufficiently close to the array this effect should be negligible compared to other sources of 
error.  
Table 3.3 Standard Deviations of Static Position Measurements (units in cm) 
 
Distance Couch Position X-Ray Tube stdx stdy stdz MeanSTD
Close In On 0.03 0.04 0.02 0.03 
Close In Off 0.02 0.01 0.02 0.01 
Close Out On 0.11 0.09 0.09 0.09 
Close Out Off 0.05 0.05 0.04 0.05 
Far In On 1.51 1.56 1.38 1.48 
Far In Off 1.10 0.88 0.83 0.94 
Far Out On 0.41 0.41 0.40 0.41 
Far Out Off 0.29 0.20 0.19 0.23 
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Figure 3.1 Standard Deviations for Various Modifiers 
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3.2 Study of Distance and System Accuracy 
 
3.2.1 Purpose 
 
Based on the results in the primary test in CT environment, one crucial factor that affects 
the level of accuracy of the tracking system is the position of the beacons, including the 
distance between the sensor array and the tracking beacons and the distance between the 
carbon fiber couch and the tracking beacons. At this point the detailed relation between the 
distance and the system accuracy needs to be studied. The results can be used to make an 
estimation of the working volume within the CT bore. 
3.2.2 Methods and Materials 
 
The research version Calypso tracking system (Version 0.9.57) was moved into the Phillips 
Brilliant Big Bore CT suite. The sensor array was inserted into the CT bore and positioned 
against the entrance of the bore. The laser beam inside the CT bore was turned on for 
aligning the tracking area with the isocenter of the bore, which is also the center of the 
imaging plane. 
The patient couch was positioned inside the bore under the tracking area and 61.95 cm away 
from the bottom of the sensor array. Three beacons were fixed on a plastic slab vertically (Z 
orientation) and at the three vertexes of an equilateral triangle with side length of 3 cm.  The 
plastic slab was placed on a stack of solid water sheets and by removing sheets the distance 
from the sensor array to the tracking beacons can be adjusted from 10.6 cm to 22.9 cm at a 
step of approximately 2 cm (Figure 3.2). Position measurements were taken when the 
beacons were placed steadily on the solid water stack and the standard deviation of the 
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tracking data was used for evaluating the precision of the system. Tracking data for eight 
different positions ranging from 10.6 cm to 22.9 cm were recorded under both X-ray tube 
On and Off conditions.  
 
Figure 3.2 Experimental Setup 
 
The CT parameters were chosen as ordinary clinical application:  
Table 3.4 CT Running Parameters for Distance-Accuracy Study 
Parameter Item Parameter Value 
X-Ray tube working voltage (kV)  120 kV 
X-Ray tube working current (mA)  250 mA 
Scanning cycle time  2 second 
Gantry rotation speed  0.75 s/rev 
X-ray tube working On/Off 
Gantry rotation Static/Rotating 
Z orientation film slab  
 
10.64cm 
22.86cm 
Sensor Array 
Couch 
Water phantom slabs for positioning 
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3.2.3 Results 
 
Eight sets of tracking data were recorded and STDs were used to evaluate the precision of 
the system. The result shows a steady trend of increasing standard deviations when the 
tracking beacons are positioned further away from the sensor array (Table 3.5). The distance 
affects the level of accuracy in CT Off/On tests. From Figure 3.3 one conclusion is that the 
noise level rises as the distance increases. The X-ray tube working pulse also affects the 
accuracy level which is shown clearly in Figure 3.3 that the CT On curve exhibits higher 
standard deviations than the CT Off curve for all measurements. Furthermore, with the 
distance increases, the influence of X-ray source on the accuracy also increases. Fourth order 
polynomial fitting is applied to both CT Off and CT On data sets and yields good agreement 
with the fitting residual of 0.003 cm. 
Table 3.5 Standard Deviation of Static Position Measurements 
CT OFF Distance 
(cm) STDx STDy STDz Mean STD 
10.64 0.0105 0.0097 0.0057 0.0086 
12.38 0.0715 0.0392 0.0472 0.0526 
14.45 0.1034 0.0624 0.0688 0.0781 
16.35 0.1430 0.1061 0.0833 0.1108 
18.26 0.2132 0.1775 0.1152 0.1686 
20.32 0.3673 0.3016 0.2406 0.3032 
22.86 0.7014 0.6503 0.4293 0.5937 
 CT ON 
10.64 0.0315 0.0337 0.0363 0.0338 
12.38 0.0795 0.0682 0.0544 0.0674 
14.45 0.1211 0.1054 0.0850 0.1038 
16.35 0.1814 0.1541 0.1166 0.1507 
18.26 0.2715 0.3298 0.1834 0.2616 
20.32 0.4836 0.5656 0.4238 0.4910 
22.86 0.9349 0.9611 0.7194 0.8718 
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Figure 3.3 Standard Deviation for Different Positions: CT On/Off 
 
The carbon fiber patient couch is fixed 61.6 cm away from the sensor array and the closest 
point from the beacons to the couch during the experiment is 38.7 cm where the largest 
distance between the sensor array and the tracking beacons (22.6 cm) is obtained. The 
standard deviation of the CT Off tracking measurement is 0.59 cm while 0.87 cm for CT On. 
Recalling the results from the primary test in the CT environment when beacons were placed 
21.6 cm away from the sensor array and the distance between the couch and the tracking 
beacon was 3.4 cm, the standard deviation for CT Off and CT On tests were 0.94 cm and 
1.48 cm, respectively. If neglecting the 1.2 cm difference of the distance from beacons to 
sensor array in the two tests, the only difference is the distance from the patient couch to the 
tracking beacons which was 3.6 cm in the first experiment and 38.74 cm in this test, but the 
resulted standard deviation of the tracking data got a 60% improvement in CT Off test and a 
70% improvement in CT On test in this experiment. The results prove the assumption that 
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the distance from the beacons to the carbon fiber couch can affect the tracking accuracy, 
while more importantly, when carbon fiber couch is far enough from the beacons, the 
tracking system can still work even without removing the couch.  
The power spectrum of the tracking data shows a clear interference from the rotary metal 
part inside containing the X-ray tube and sensor along with their supporting components. 
The spinning speed of the metal arm was set to 0.75 s/revolution which is a motion with a 
characterized frequency of 1.33 Hz. The scanning period was set to 2 seconds which is a 
periodic signal with 0.5 Hz frequency. In power spectra of all the tests under CT On 
condition (Figure 3.4), these frequency elements with high power density could be identified 
easily which imply the spinning metal inside the gantry and the X-ray tube working pulse are 
the key sources of noise in CT environment.  
Figure 3.4 Power Spectra: CT Off vs. CT On 
 
 
 
 
 
1.33 Hz
0.5 Hz
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3.3 Various Working Condition Study 
 
3.3.1 Purpose  
 
In order to use the Calypso system in a CT environment, intensive study of the tracking 
system performance under different working conditions with various environmental 
parameters is necessary. Previous studies analyzed the precision dependence of the clearance 
between the carbon fiber patient couch and the beacon slab. Other working parameters 
including frontend amplifier gain, beacon position, sensor array position and beacon 
orientation all need to be considered.  
Frontend amplifier gain is an adjustable variable that could be set to high or low in the 
research version user interface of the Calypso system. This variable controls the front end 
amplifier which could be set to low when working in a complicated electromagnetic 
environment and high when working in environment with relatively lower level of 
electromagnetic disturbance.  
The sensor array provides a working area of 14×14 cm2 and can track positions up to 27 cm 
away from the array plane within this area. For all the previous tests, the tracking beacons 
were placed under the geometric center of the sensor array which is the optimal working 
position. In actual clinical application, the beacons’ implanted position varies for each case, 
thus, centering the beacons in tracking process could be optimized but can not be 
guaranteed to get a perfect alignment in all cases. Therefore, the tracking performance of the 
system with beacons on the boundary of the working volume needed to be studied to verify 
if the system can achieve the desired accuracy throughout the whole tracking volume. 
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Beacon orientation is another factor which affects the tracking accuracy. The working 
procedure of the Calypso tracking device is divided into 3 steps: 
1. The four large source coils inside the array send out an excitation signal at the beacon’s 
resonance frequency. 
2. When the excitation signal is turned off, the transponder signal during relaxation is 
measured by 32 sensor coils inside the array. 
3. An algorithm is applied to get the 3D Beacon position based on the magnitude of the 
signal from each detector coil. Oversampling and filtering algorithms are used to 
optimize the reliability of the tracking result. 
4. Steps 1-3 are repeated several times for each measurement until the variance is 
acceptable indicating an accurate position measurement has been made. 
The tracking plate is placed in a fixed position. The source coils in the tracking plate will 
provide a steady excitation field and the sensor coils in it will evaluate the Z direction 
components from the tracking beacons in oscillation. When beacons are put into the field at 
different angles, the excitation efficiency will be different and the ring back signal will be 
coupled into the sensor array with various signal strengths. The uncertainty of the signal 
coupling from excitation to ring back could affect the system accuracy and as a result this 
should be characterized.  
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3.3.2 Methods and Materials 
 
The research version of Calypso tracking station was moved into Philips Brilliant Big Bore 
CT suite. The CT table top was replaced with a custom made wooden couch in order to 
eliminate the metal like effect from the carbon fiber material. 
For analyzing how beacon orientation affects accuracy, two sets of beacons were employed 
in the experiment aligned in orthogonal directions along the Z and Y axis (Figure 3.5). For 
the Z orientation, a plastic slab used in previous studies was employed and the beacons were 
vertically placed with the coil axis pointing at the sensor array. For the Y orientation, the 
beacons were placed horizontally with primary axis parallel to the sensor array and aligned 
with the axis of the CT bore. The two orientations are actually two extreme cases of the 
possible beacon posture when it is implanted into an actual patient for tracking. The two 
postures can be used to evaluate the relationship between tracking accuracy and beacon 
orientation. 
  
Z orientation beacons Y orientation beacons 
Figure 3.5 Tracking Beacons Inside CT Bore 
 
Beacon Orientation Beacon Orientation 
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The sensor array was placed inside the CT bore while tracking and aligned at two positions: 
Array Low and Array High. This pair is used as a reference group to compare the 
disturbances brought in by the metal elements inside the CT bore at different distances.  The 
Array High is defined as the top of the sensor array positioned 14 cm away from the CT 
bore intrados, and correspondingly Array Low is defined as the top of the sensor array 
positioned 26 cm away from the CT bore intrados. The array board was taken off from the 
arm of the tracking station for more flexible positioning and was placed on an array holder 
which can hold the sensor array and the beacons together to provide an absolute position 
reference from the sensor array to the tracking beacons.  
The tracking station has adjustable front end amplifiers which serve the sensor coils and can 
be switched between Gain Low and Gain High depending on the surrounding noise. 
CT scanner working parameters are set as the table below (Table 3.6) which is a typical 
clinical set up. 
Table 3.6 CT Running Parameters for Various Working Condition Study 
 
Parameter Item Parameter Value 
X-Ray tube working voltage (kV)  120 kV 
X-Ray tube working current (mA)  250 mA 
Scanning cycle time  2 sec 
Gantry rotation speed  0.44 s/rev 
X-ray tube working On/Off 
Gantry rotation Static/Rotating 
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In order to evaluate the influences brought in by the nature of CT scanning, the gantry arm 
was set to the following working status: 
1. Static position Anterior Posterior (AP) mode with X-ray off. 
2. Arm spinning at 0.44 sec/rev. with the X-ray tube on.  
3. Arm spinning at 0.44 sec/rev with the X-ray tube off. 
In order to estimate the experimental error, measurements were taken outside the bore with 
the X-ray arm static and CT off.  These measurements were taken both before and after all 
the in bore measurements as a stand alone reference which can be used in estimating the 
error bar over the experiments. 
 
Distance: Array 
to Beacon. 
Always 20 cm ±
1 cm
Array position.
High: 14 cm 
clearance from 
top of array to 
top of the bore 
surface.
Low: 26 cm 
clearance.
Use laser beam 
inside the bore to 
locate the beacons 
in the middle of the 
array sensing area
 
Figure 3.6 Experimental Setup 
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For each different working form, five measurements were included as a group. Three were 
tested inside the CT bore under different working conditions and two were tested outside 
the CT bore for reference (Table 3.7). The working flow of each group is as following: 
a. Outside Bore Static: Before all the tests with inside bore parameters start, a set of tracking 
data is taken outside the bore without gantry arm spinning and X-ray tube working. This test 
can be used as an estimation of the background noise since in this test the whole tracking 
system is working outside the CT bore and the CT scanner is in the standby mode, 
introducing no interference to the tracking accuracy. The results can be interpreted as the 
base line performance of the tracking system, since without any CT scanner activity the 
result shows the system tracking accuracy in a general medical environment. 
b. Inside Bore Static: Tracking system works inside the CT bore with no other motion or X-
ray tube working. 
c. Inside Bore Spinning: Tracking system stays inside the bore with the source/detector 
spinning  and the X-ray tube off. 
d. Inside Bore Spinning: Tracking system works inside the bore while the CT scanner is 
doing an ordinary slice scan with X-ray arm spinning and X-ray tube working under clinical 
set up as Table 3.5. 
e. Outside Bore Static: Duplicate test (a) as a reference group. This reference test is also 
useful when estimating the experimental error. 
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Table 3.7 Test Cases 
Array Position Low (26 cm to the top of the bore) Array Position High (14 
cm to the top of the 
bore) 
Beacon Centered Beacon Shifted to edge 
of testing area 
 
Test 
group 
design Beacon 
orientation 
Z 
Beacon 
orientation 
Y 
Beacon 
orientation 
 Z 
Beacon 
orientation 
Y 
Beacon 
orientation 
Z 
Beacon 
orientation 
Y 
Outside bore static mode (First time) 
Static AP mode 
Spinning without X-ray 
Spinning with X-ray 
Data 
collected 
for each 
group 
Outside bore static mode (Second time) 
 
 
 
3.3.3 Results 
 
The results of the tests with frontend amplifier gain set to high showed a very high error rate 
through the whole tracking process. The RMS error over the high gain tracking tests was 4.5 
mm which is 125% over the expected accuracy for clinical use. The Tracking tests with 
sensor array set to low gain get results in achieving the clinic goal (RMS error <2 mm) 
independent of beacon orientation or CT acquisition (Figure 3.7). Results obtained when the 
sensor array position is low show significant improvements comparing with the results of the 
sensor array placed in high position. The maximum error rate appears when beacon 
orientation is Z and acquisition is performed at the periphery of the detection volume (7 cm 
lateral shift from the center).  
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Figure 3.7 Performance Overview, Array Position Low, Gain Low 
 
 
The arm spinning inside the gantry is the largest noise source. Beacons/ Array shifting off 
the bore center shows a slight effect on the tracking accuracy when tested with the beacons 
in Z orientation. The effect is even smaller when the beacons are in Y orientation.  
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3.3.4 Discussion 
 
3.3.4.1 Spinning Metal 
 
Figure 3.8 Spinning X-ray Arm Inside CT Bore 
 
The X-ray arm is a large piece of metal spinning inside the CT bore (Figure 3.8) which will 
change the magnetic permeability, thus modulate the stimulating magnetic field. 
Furthermore, remanence of the rotating part is an additional alternating magnetic field, and 
can affect the measurement by disturbing the field distribution inside the measuring volume 
which is not considered in the algorithm. 
3.3.4.2 X-ray Tube Working Noise 
The X-ray tube working does not contribute much noise when compared with the main 
noise source generated by the spinning metal inside the gantry. The X-ray tube consists of 
two parts. One is the heating part in which a small AC power is applied to the filament for 
X-ray Sensor 
X-ray Tube 
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heating the material in order to release electrons. The other part is a very high DC voltage 
which is added between the filament and the anode for accelerating the electrons to a 
tungsten target in order to generate X-rays (Figure 3.9)[60]. 
 
Figure 3.9 X-ray Tube Structure 
 
 
Since the DC accelerating voltage does not generate any distortion to the tracking device, the 
only source of noise from the X-ray tube is the AC heating current which is relatively small. 
That is why when comparing the results of inside bore spinning CT On/Off power spectra, 
only limited difference of power distribution could be found by visual comparison. 
3.3.4.3 Beacon Orientation 
The orientation of the beacon can also affect the tracking accuracy. Figure 3.14 shows the 
simulation result of the magnetic field distribution for different orientations of a single 
beacon inside the excitation field generated by the sensor array using finite element method. 
If the array is aligned in the same direction with which the radiation energy is focused, and 
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simultaneously, the polarization directions of the beacon and the array (as an antenna) are 
matched well, there will be strong coupling and the signal to noise ratio (SNR) will be high 
(Figure 3.10a). On other hand, if the array is not in the proper direction or the polarization 
directions of the beacon and the array are not matched, the coupling will be weaker (Figure 
3.10b).  
 
a. Z Orientation 
 
b. Y Orientation 
 
Figure 3. 10 Illustration for Coil Orientation in Excitation Stage. Arrows denote the 
magnetic field distribution.  
 
Since the system uses an antenna array to measure the strength of the ring back signal, both 
the excitation and the reading stage will affect the tracking results. Coupling of the signal 
into the sensor array will be affected by not only the surrounding noise but also the 
orientation of beacons. The sensor array uses square shaped coils with the axis placed 
vertically to receive component of the magnetic field in Z direction which is the only 
component that the Calypso system is sensitive.  So if the beacons are placed in Z 
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orientation, it is a best fit to couple the signal, while in Y direction the coupling is weaker 
since only part of the ring back signal gets into the sensor coil. This kind of evaluation on 
strong or weak coupling lies on the absolute strength of the signal. However, in tracking 
application, the system relies on evaluating the differential signal over the whole sensor array 
and the system accuracy relies on the sensor array’s sensitivity to the step change of magnetic 
flux caused by position movement. Figure 3.11 shows the simulation results of the magnetic 
field generated by the tracking beacon in the ring back stage by finite element method. The 
beacon is simplified as a one turn coil put under the sensor array in both Z (Figure 3.11 a) 
and Y (Figure 3.11 b) direction. The 6x6 sensor array is simplified into a 2x1 array for better 
visual result. 
 
Figure 3.11 Illustration for Coil Orientation in Ring Back Stage. Arrows denote the magnetic 
field distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. Y Orientation 
 
 
 
 
 
 
 
 
 
 
 
 
a. Z Orientation 
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When the tracking beacon is excited by a strong driving signal tuned at its resonance 
frequency, it will start self oscillation and establish a ring back electromagnetic field. The 
antenna array evaluates the magnetic flux change over the whole array to determine the 
object position. It is clearly showed in Figure 3.11 a-b that with a Z orientated beacon the Z 
component of magnetic flux on antenna is determined by =in-out. When position changes, 
the change in measured magnetic flux is smaller when compared with the Y oriented beacon 
since the direction of the magnetic field passing through the antenna is uniformed and =in. 
In other words, Y-oriented transponders result in greater change in measured magnetic flux 
per change in position than do Z-oriented transponders which implies the Calypso system is 
more sensitive to changes in position of a Y-oriented transponder than to changes in a Z-
oriented transponder.  In solving for a position estimate based on measurements of magnetic 
flux in the presence of external interference, it is therefore easier to perturb the solution of a 
Z-oriented transponder than it is for a Y-oriented transponder for the same amount of 
external interference. This explains why the tracking system has better tracking accuracy with 
tracking beacons in Y direction. 
 
 
 
 
 
   46 
 
 
3.4 Electromagnetic Field Characterization 
 
3.4.1 Purpose  
 
Electromagnetic field fluctuation inside the tracking volume is a large source of disturbance 
to the tracking algorithm which leads to degradation in system accuracy. The complicated 
EM field inside the CT bore cannot be modeled simply by accumulating all the possible 
noise sources, so a characterization experiment was necessary to determine the optimal 
working conditions for the Calypso system in a CT environment. 
3.4.2 Methods and Materials 
 
A fiber glass frame for attaching test piece to the CT bore is combined with a fixture 
designed for holding a solenoid at various locations inside the CT bore (Figures 3.12-13). 
The carbon fiber couch was removed in order to eliminate the metal behavior disturbances.  
 
Figure 3.12 Fixture Holding the Solenoid Inside CT Bore 
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Figure 3.13 Detailed Alignment Inside CT Bore 
 
 
The solenoid used in the measurements has the following characteristics: The coil length is 
2.4 cm and the coil diameter is 2.54 cm. The solenoid has N=213 turns of coils (Figure 3. 
14). Given the cross area of the coil as A = r2, the effective area of this solenoid is N ×A 
= 213 × × (1.27 cm)2 = 0.108 m2, and the inductance of the solenoid is 870 H. The 
solenoid was oriented vertically in the testing volume. Only one orientation was deemed 
necessary due to the symmetry associated with the bore rotating around the isocenter (Figure 
3.15). 
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Figure 3.14 Solenoid Used in Experiment 
 
 
Considering the working volume of the tracking system (14×14×14 cm) we determined to 
record the magnetic field over a large volume of 48×44×44 cm3 centered around the 
isocenter of the CT bore covering the whole working volume. Data was taken as a 3×3×3 
grid occupying the testing volume. Two additional runs were recorded outside the bore 49.5 
cm away from the isocenter of the bore (Figure 3.15). 
Data point index: Green plane is the axial plane contains the isocenter of the bore. Purple 
plane contains 9 data points 22 cm away from the front of the isocenter plane. Orange plane 
contains another 9 data points 22 cm away from the back of the isocenter plane. Front/Back 
Outside Bore points are 49.5 cm away from the isocenter on both sides. 
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Figure 3.15 Testing Volume and Measuring Point Position 
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The CT scanner running parameters were set as Table 3.8: 
Table 3.8 CT Running Parameters for EM Field Characterize 
 
Parameter Item Parameter Value 
X-Ray tube working voltage (kV) 120 kV 
X-Ray tube working current (mA) 250 mA 
Scanning cycle time 1 sec 
Gantry rotation speed   0.5 s/rev 
X-ray tube working On/Off 
Gantry rotation Static/Rotating 
 
 
A Tektronix 3300B oscilloscope was connected to the solenoid to record the current which 
is analogous to the strength of the magnetic field at each position. The testing circuit is 
shown in Figure 3.16. 
 
Figure 3.16 Schematic of Testing Circuit 
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3.4.3 Results 
 
A 4 ms cycle can be observed for R point (Figure 3.15) from the measured waveform 
(Figure 3.17b) which indicates a low frequency modulation at this point. Figure 3.17a shows 
the normal pattern of the signal picked from the solenoid when X-ray is off.  
 
a. X-ray Off 
 
b. X-ray On 
Figure 3.17 Typical Waveforms of the Solenoid 
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To study the frequency distribution of the noise on different bands, the noise power is 
integrated around the center frequencies of 1.25 kHz, 10 kHz and 20 kHz, respectively, for 
each data point and the results are shown in Figure 3.18. The noise power is larger on the 
center plane than the other two outer planes for all three bands. With the increment of 
frequency, the attenuation of the noise power from the center plane to the outer planes 
increases, indicating that the noise of high frequency is more concentrated on the center part 
of measurement volume than that of the low frequency. 
Low Frequency EM Noise Spatial Distribution 10 KHz EM Noise Spatial Distribution 
 
20 kHz EM Noise Spatial Distribution 
 
Figure 3.18 Spatial Distribution of EM Noise on Different Frequency Bands. The 
diameters of the circles show the integrated value of the power of noise over the 
frequency range of interest. The coordinates indicate the spatial position of the data 
points within the experimental volume.   
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In Figure 3.18, the center plane shows higher noise level comparing with front/back plane, 
indicating that the noise source mainly affects the image plane and attenuates quickly when 
getting further away from the center. Points close to the bore side get higher noise power 
which could also be interpreted as the effect of getting close to the noise source. Figures 
3.19-22 show the time domain waveform on the solenoid when X-ray is working which are 
organized in accordance to the spatial order of test points in Figure 3. 15. The center plane is 
showing a higher noise power and clear X-ray working pulses appear in most of the charts 
while some peripheral points didn’t show the X-ray working pulses which can be covered by 
a large amplitude lower frequency variation. Although X-ray pulses were evident in the front 
and back plane measurements, they were of lower amplitude than the imaging plane.  No X-
ray generation related pulses were evident for measurements made outside the bore.  
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Figure 3.19 Purple Plane: Front of CT Bore, +22 cm from Isocenter 
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PLANE 2 Middle of CT Bore
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Figure 3.20 Green Plane: Middle of CT Bore 
PLANE 3 Back of CT Bore -22 cm from ISO
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Figure 3.21 Orange Plane: Back of CT Bore, -22CM from Isocenter 
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Figure 3.22 Outside CT Bore 
Front/Back Outside Bore +/- 49.5cm from ISO 
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Chapter 4 
 
Conclusions and Future Work 
 
4.1 Summary and Conclusions 
 
This work describes the evaluation of the first wireless electromagnetic tracking system that 
performs tumor tracking concurrent with CT data acquisition in a CT environment.  Current 
electromagnetic tracking systems require the operator to bring the patient outside of the CT 
bore before using the system, which adds delay between imaging and intervention, and also 
may lead to patient movement. Potential applications include using implanted transponders 
to guide imaging measurements of respiratory motion (‘tumor correlated imaging’ versus 
‘respiratory correlated imaging’) as well as wireless tools for intervention procedures in the 
CT bore.   
Experimental results showed a proper working volume of 14×14×14 cm3 inside the CT bore. 
With working parameters selected as sensor position close to the transponder and far from 
the CT gantry along with the front amplifier gain low on the Calypso system, the system can 
achieve the clinical goal of <2 mm RMS error. Experiment also excluded the possibility of 
using the high gain working mode which failed in all the tests by showing a high average 
noise power over the tracking volume generated by the rotating metal arm and other 
peripherals of the CT scanner. This kind of constant noise source cannot be canceled by 
using the gating method as used in LINAC environment. 
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4.2 Future Work 
After evaluating the system under various working parameters the proper working 
conditions for the system in CT environment were established while quantified error 
measurements were acquired over the entire working volume. This dataset can also be used 
as a calibration tool. 
Tests for studying system behavior while tracking a moving target will also be useful. All the 
tracking data sets acquired in this thesis are for stationary targets. However, when tracking a 
moving target there will be issues like tracking delay, sample rate and dynamic error rate. The 
Calypso system has shown to be accurate in the presence of motion in a linear accelerator 
environment, however a characterization study in the CT environment would be useful. 
In the EM field characterization experiment, the noise showed an obvious location based 
pattern as well as frequency dependence. Additionally, EM characterization experiments can 
be conducted for error compensation, although this is potentially CT scanner specific. 
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Appendix A 
 
Statistical Formulae 
 
RMS: 
2 2 2
( , , )
1 ( )
3x y z
RMS x y z    
The root mean square error, e(x,y,z) is evaluated as the mean square root of the values along 
each individual axis. 
Variance:  
2 2
1
1 ( )
N
i
i
x x
N


   
Standard Deviation: 
2
1
1 ( )
N
i
i
x x
N


   
For standard deviation () and variance (2), N denotes the number of samples, and 
,  ix x denote the sample and mean, respectively. In this case, the standard deviation is for the 
samples concerned and variance is a bias-corrected sample variance. 
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Appendix B 
 
Supplementary Data 
 
CT Rotation Beacon to array Array to bore Gain Orientation Std1 Std2 Std3
off - 20cm 14cm high y 0.12 0.12 0.13
off - 20cm 14cm high z 0.09 0.1 0.08
off 1.5s 20cm 14cm high z 0.26 0.19 0.23
off 1.5s 20cm 14cm high z 0.29 0.21 0.19
on 1.5s 20cm 14cm high z 0.44 0.54 1.07
on 0.44s 20cm 14cm high z 2.5 1.4 3.4
off AP (0) 20cm 26.5cm high z 0.096 0.091 0.11
on 0.44s 20cm 26.5cm high z 0.32 0.38 0.98
off 0.44s 20cm 26.5cm high z 0.12 0.12 0.15
on 0.44s 20cm 26.5cm low z 0.17 0.15 0.22
off 0.44s 20cm 26.5cm low z 0.16 0.17 0.21
off AP (0) 20.5cm 14cm low z 0.2 0.23 0.25
off 0.44s 20.5cm 14cm low z 0.32 0.22 0.31
on 0.44s 20.5cm 14cm low z 0.37 0.27 0.37
off AP (0) 20.5cm 14cm low y 0.12 0.098 0.07
off 0.44s 20.5cm 14cm low y 0.18 0.12 0.12
on 0.44s 20.5cm 14cm low y 0.18 0.14 0.11
 
   60 
 
 
CT Rotation timeBeacon to array Array to bore Gain Phantom Array Arm 
on 0.44s 20cm 14cm low y orientation disconnected
off 0.44s 20cm 14cm low y orientation disconnected
off AP (0) 20cm 14cm low y orientation disconnected
off (Outside Bore) - 20cm 14cm low y orientation disconnected
       
off (Outside Bore) - 20cm 14cm low z orientation disconnected
on 0.44s 20cm 14cm low z orientation disconnected
off 0.44s 20cm 14cm low z orientation disconnected
off AP (0) 20cm 14cm low z orientation disconnected
off(Outside Bore) AP (0) 20cm 14cm low z orientation disconnected
       
off (Outside Bore round 1) - 20cm 26cm low z orientation disconnected
on 0.44s 20cm 26cm low z orientation disconnected
off 0.44s 20cm 26cm low z orientation disconnected
off AP (0) 20cm 26cm low z orientation disconnected
outside2 AP (0) 20cm 26cm low z orientation disconnected
       
on 0.44s 20cm 26cm low z orientation disconnected
off 0.44s 20cm 26cm low z orientation disconnected
off AP (0) 20cm 26cm low z orientation disconnected
       
on 0.44s 20cm 26cm low z orientation disconnected
off 0.44s 20cm 26cm low z orientation disconnected
off AP (0) 20cm 26cm low z orientation disconnected
off (Outside Bore) - 20cm 26cm low z orientation disconnected
       
off (Outside Bore Round 2) - 20cm 26cm low y orientation disconnected
on 0.44s 20cm 26cm low y orientation disconnected
off AP (0) 20cm 26cm low y orientation disconnected
off 0.44s 20cm 26cm low y orientation disconnected
off (Outside Bore Round 2) - 20cm 26cm low y orientation disconnected
       
off (Outside Bore Round 2) - 20cm 26cm low y orientation disconnected
on 0.44s 20cm 26cm low y orientation disconnected
off AP (0) 20cm 26cm low y orientation disconnected
off 0.44s 20cm 26cm low y orientation disconnected
off (Outside Bore Round 2) - 20cm 26cm low y orientation disconnected
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Array offset Beacon Offset Std1 Std2 Std3 B1x B1y B1z B2x B2y B2z B3x B3y B3z 
0 0 0.16 0.14 0.12 -0.45 -0.49 19.99 -0.95 0.02 19.98 0.06 0.38 19.95
0 0 0.12 0.13 0.12 -0.45 -0.5 19.94 -0.95 0.15 19.98 0.06 0.39 19.96
0 0 0.1 0.11 0.08 -0.45 -0.5 19.92 -0.95 -0.01 19.93 0.05 0.37 19.92
0 0 0.08 0.1 0.08 -0.44 -0.5 19.93 -0.94 -0.02 19.94 0.05 0.36 19.93
              
0 0 0.12 0.12 0.15 -0.27 2 20.27 0.97 -0.1 20.29 -1.49 -0.11 20.26
0 0 0.31 0.21 0.27 -0.24 1.98 20.3 0.97 -0.14 20.4 -1.5 -0.16 20.36
0 0 0.26 0.23 0.26 -0.25 2.02 20.36 0.98 -0.13 20.41 -1.54 -0.12 20.34
0 0 0.16 0.16 0.2 -0.31 2.09 20.24 0.89 -0.1 20.25 -1.5 -0.11 20.22
0 0 0.12 0.12 0.15 -0.28 2.02 20.27 0.97 -0.09 20.29 -1.47 -0.12 20.28
              
0 0 0.13 0.11 0.14 -0.28 2.03 20.32 0.98 -0.11 20.32 -1.47 -0.11 20.29
0 0 0.17 0.15 0.18 -0.27 2.03 20.32 0.96 -0.11 20.34 -1.49 -0.1 20.31
0 0 0.14 0.14 0.19 -0.27 2.06 20.33 0.97 -0.08 20.24 -1.51 -0.09 20.31
0 0 0.13 0.12 0.16 -0.26 2.06 20.29 0.97 -0.06 20.32 -1.5 -0.1 20.31
0 0 0.13 0.12 0.15 -0.26 2.04 20.3 0.96 -0.1 20.31 -1.46 -0.11 20.28
              
3.5 0 0.17 0.13 0.2 -0.13 2.21 20.32 1.05 0.05 20.33 -1.4 0.09 20.29
3.5 0 0.15 0.13 0.17 -0.16 2.25 20.33 1.06 0.06 20.32 -1.4 0.12 20.31
3.5 0 0.11 0.12 0.17 -0.12 2.22 20.27 1.06 0.07 20.34 -1.4 0.1 20.3
              
3.5 6-7cm 0.16 0.19 0.19 5.68 2.15 20.34 6.97 -0.01 20.36 4.44 0.02 20.37
3.5 6-7cm 0.17 0.21 0.23 5.67 2.15 20.34 6.99 0 20.36 4.48 0.01 20.39
3.5 6-7cm 0.11 0.18 0.15 5.63 2.16 20.31 6.97 0 20.35 4.42 0.04 20.34
3.6 6-7cm 0.12 0.15 0.17 5.64 2.13 20.34 6.94 0.02 20.35 4.44 0.01 20.36
              
3.5 6-7cm 0.11 0.12 0.11 6.56 2.51 20.2 6.04 2.99 20.23 7.03 3.41 20.22
3.5 6-7cm 0.17 0.16 0.18 6.56 2.52 20.13 6.05 3 20.23 7.03 3.4 20.21
3.5 6-7cm 0.14 0.12 0.11 6.56 2.51 20.13 6.06 3 20.24 7.03 3.41 20.19
3.6 6-7cm 0.15 0.17 0.14 6.56 2.52 20.18 6.06 2.99 20.23 7.03 3.41 20.22
3.5 6-7cm 0.13 0.13 0.12 6.56 2.5 20.2 6.05 2.98 20.26 7.02 3.4 20.2
              
0 0 0.1 0.12 0.08 -0.47 -0.25 20.19 -0.98 0.23 20.26 0 0.64 20.25
0 0 0.12 0.12 0.09 -0.48 -0.23 20.22 -1 0.24 20.26 -0.01 0.65 20.24
0 0 0.09 0.1 0.08 -0.48 -0.24 20.2 -0.99 0.24 20.25 0 0.65 20.23
0 0 0.1 0.12 0.11 -0.48 -0.24 20.19 -0.98 0.24 20.24 -0.01 0.65 20.22
0 0 0.09 0.11 0.09 -0.47 -0.25 20.18 -0.99 0.23 20.26 -0.01 0.65 20.24
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